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Fruit flies execute agile aerial maneuvers using only twelve control muscles per wing. The study by Lindsay et al. uses calcium imaging to record the activity of these muscles during flight and finds that flies achieve precise control by using steadily active and transiently active classes of muscles.
INTRODUCTION
Because motor actions are the essence of behavior, any comprehensive model of the brain will require tracing the uninterrupted flow of information from the sensory periphery to the musculoskeletal system. The speed with which sensory signals can be transformed into a coherent motor code is particularly impressive in flying animals such as fruit flies, which can respond to a looming threat with a directed maneuver in a fraction of a human eye blink [1] . In addition to rapid changes in course, flies can also maintain a stable heading and pose-a deceptively simple feat that requires continuous adjustment of wing motion to compensate for perturbations (for review see [2] ). Flies integrate information from different sensory modalities to regulate wing motion, which in turn alters the aerodynamic forces and torques that determine their trajectory through space. Whereas the visual [3] , olfactory [4] , and mechanosensory [5] [6] [7] modalities involved in flight control have received much attention, less is known about the motor system that controls the wings. In particular, we do not understand how such a sparse motor system can achieve the large actuation bandwidth necessary for fast maneuvers while simultaneously maintaining the fine-scaled adjustments required for stability.
The flight musculature of flies consists of two anatomically, physiologically, and functionally distinct groups. The large indirect, asynchronous flight muscles do not insert directly on the wing base and their contractions are not triggered by motor neuron spikes in the conventional one-for-one fashion [8, 9] . Individual contractions are instead activated mechanically by stretch, and the antagonistic arrangement of downstroke and upstroke muscles operates as a semi-autonomous oscillator that actuates the wing remotely via strains distributed throughout the thorax. These specializations enable the large asynchronous muscles to generate the elevated power required for flight [8] but render them ill-suited to regulate wing motion on a fast temporal scale. The subtle changes in wing motion required for rapid maneuvers and flight stability are controlled instead by a small set of tiny, highly specialized synchronous muscles that insert directly on minuscule skeletal elements called sclerites within the wing hinge. Figure 1A illustrates the anatomical arrangement of the 12 synchronous muscles at the base of the wing. Unlike many locomotor systems-a human leg, for example-the morphological and biomechanical complexity of the wing hinge makes it difficult to infer the functional role of the steering muscles based only on their origins and insertions. The steering muscles segregate anatomically into four major groups according to the sclerites on which they insert: the basalars (b1, b2, and b3), the first axillaries (i1 and i2), the third axillaries (iii1, iii3, and iii4), and the fourth axillaries (hg1, hg2, hg3, and hg4). (Note, the muscles of the fourth axillary are labeled ''hg'' and not ''iv'' due to historical precedence. Also, the tiny muscle iii2-in the larger species, Calliphora-appears to be missing in Drosophila.) Three other sets of thoracic muscles (tergopleurals, pleurosternals, and tergotrochanter) do not insert directly on the wing hinge but might possibly influence wing motion by altering the mechanics of the thorax [10] .
The flight behavior of flies consists largely of straight flight segments interspersed with rapid changes in heading termed body saccades [11] [12] [13] . Due to inherent instabilities in the flight system, both the straight segments and the rapid turns require active adjustment of wing motion [1, 12, [14] [15] [16] [17] [18] . How flies achieve the required mechanical bandwidth and precision is difficult to explain, given that each muscle is innervated by only a single motor neuron [19] and thus they cannot rely on the graded recruitment of motor pools to regulate tension. This arrangement contrasts markedly with hummingbirds, which (E) We used the z series of segmented confocal images shown in (A) to generate a matrix of components, X, consisting of a prediction of each muscles' spatial distribution as seen by the camera. The components for muscles b2 and i1 are shown. We then solved for B, a matrix of unknown, positive muscle activation time histories, such that X =Ŷ, whereŶ is the matrix of predicted images that minimized residual distance to the data in Y. Gray lines indicate the predicted activations at times t 1 and t 2 . Wing stroke frequency (freq) and stroke amplitude (amp) were recorded synchronously while imaging.
(legend continued on next page) flap their wings in a nearly identical manner as flies. Although hummingbirds and flies use roughly the same number of muscles to control their wings, each individual bird muscle consists of many motor units [20] . A fly's task is further complicated by the high frequency (>200 Hz) with which it flaps its wings, which limits the number of spikes that may be fired in any given cycle [21, 22] . Because of technical challenges associated with isolating spikes from these tiny muscles and the geometrical constraints imposed on electrode placement by the large stroke envelope of the wings, electrical recordings have been limited to the largest steering muscles, and only a few muscles have been recorded simultaneously.
In this study, we recorded the pattern of activity across the complete set of steering muscles using the genetically encoded calcium indicator GCaMP6f [23] . Although this technique does not provide time-resolved measurements of each muscle spike, it permits simultaneous recording of activity across the entire motor network. We investigated the role of the steering muscles by presenting the flies with a panel of different visual stimuli. Our experiments revealed that each anatomical group is equipped with two functional classes of muscles: phasic muscles capable of generating large transient changes in wing motion and small active tonic muscles that permit continuous graded regulation. We propose a model in which both the phasic and tonic systems receive descending convergent input from two control pathways, one that mediates feedback-based compensatory reactions and another that issues spontaneous feedforward steering commands. The results help explain how a small array can achieve fine motor control and provide a substantive foundation for understanding the function of arguably the most complicated mechanical joint found in nature.
RESULTS
We searched the Janelia FlyLight collection of driver lines and identified a GAL4 line (R22H05) that targets the entire population of direct flight steering muscles [24] . We used this line to drive expression of the genetically encoded calcium indicator GCaMP6f. Because the steering muscles are composed of conventional twitch fibers, monitoring changes in sarcoplasmic levels of calcium provides a convenient measure of activation, albeit filtered by the temporal dynamics of the indicator ( Figure 1B) . Although the 470nm incident light necessary for GCaMP6f excitation compromised the flies' vision to some degree ( Figure S1 ), they were nevertheless capable of responding to the presentation of visual stimuli in open loop and could actively stabilize the position of a vertical stripe by adjusting their wing stroke amplitude in closed loop ( Figure 1C ).
Using an Anatomical Model to Extract Calcium Signals from Overlapping Muscles
We were able to record fluorescence changes originating from the steering muscles by focusing on a sagittal plane several microns under the surface of the cuticle ( Figure 1D ). Control experiments with GFP demonstrated that signal fluctuations were not motion artifacts (data not shown). Because muscles overlap one another, we could not define 12 regions of interest (ROIs) that would unambiguously report the activity of each element in the network. To overcome this limitation, we developed a method to extract individual signals from the image stream by regressing the recorded pixel values onto an anatomical model derived from a manually segmented confocal z stack in which the muscles were labeled with phalloidin ( Figure 1E ). To quantitatively evaluate how susceptible the extracted signals were to contamination from neighboring muscles, we clustered the muscles in our static anatomical model, using the amount of pixel overlap as a distance metric (see the Experimental Procedures). As expected, most muscles that clustered together were neighbors of the same anatomical class, but we did find examples in which muscles of different classes clustered together, raising the possibility that the signals extracted from experimental data might be contaminated by crosstalk. For example, muscle i2 clustered with the hg muscles and i1 clustered with the basalar muscles. To address this potential confounder, we conducted all experiments using two different driver lines: R22H05, which expressed in all 12 muscles, and R39E01, which lacks expression in muscles i1 and i2 (thus eliminating potential crosstalk with the hg and basalar muscles).
Each Wing Hinge Element Is Actuated by Phasic and Tonic Muscles
When a fly started flying in response to a gentle air puff, we recorded a large increase in the activity of all steering muscles (Figures 2A and 2B ). The activity was higher at both onset and offset of flight than within the intervening flight bout, suggesting that nearly all of the muscles play some role in folding and unfolding the wings. Several seconds after flight initiation, however, we observed categorical differences in the steady-state activity. The activity of several muscles-exemplified by b2, i1, iii1, hg1, and hg3-decayed to near-undetectable levels that were interspersed with large calcium transients, a pattern of activity we henceforth refer to as ''phasic.'' In contrast, we classify muscles b1, b3, i2, iii3, and hg4 as ''tonic,'' because they retained a high level of fluorescence throughout the flight bout. Note that each anatomical class includes at least one phasic and one tonic muscle. Four of the phasic muscles (b2, i1, iii1, and hg4) happen to be the largest members of their respective anatomical groups, suggesting a link between morphology and function. To assess whether the phasic and tonic behavior of the muscles was (F) Comparison of extracted signals using our unmixing method (black) with raw signals from square regions of interest (ROIs) targeting muscles i1 (red) and hg4 (blue). The raw images collected at the times indicated by the vertical bars are shown below in (i) and (ii). Note the relatively high level of muscle activity in muscle b2 compared to i1 in frame (i) that is reflected in the unmixed signals, but not the signals measured using the red ROI. A similar difference is apparent when comparing the signal from the blue ROI and unmixed signals of i2 and hg4 in frame (ii). (G) Clustered distance matrices that quantify the pairwise spatial overlap between muscles in the anatomical model, for a broad driver line (R22H05) and a more restricted driver line (R39E01) that lacked expression in muscles i1, i2, and iii4. (H) Outlines of the muscles within each anatomical class, colors match those used in (A). See also Figure S1 and Movie S1.
consistent across flies, we normalized each raw fluorescence trace and then created population histograms of the resulting Z scores using pooled data from all 58 flies during sequences of open-loop stripe fixation ( Figure 2C ). The tonic muscles b1, b3, i2, and iii3 exhibit roughly normal distributions, indicating that their activities fluctuated evenly about a mean level. The phasic muscles b2, i1, iii1, and iii3 exhibit highly skewed distributions, indicating that they were inactive most of the time. The classification of the small hg muscles was less distinct, although hg4 did show the least skewed distribution.
As described in many previous studies, flies frequently exhibit brief changes in wing stroke amplitude during tethered flight, which have been interpreted as the fictive equivalent of free flight body saccades [25] [26] [27] . As shown in Figure 2 , these events correlated with brief changes in the activity of many muscles, including members of both the tonic and phasic classes. To isolate the saccades within the flight sequences, we designed a simple classifier based on the difference in the left and right stroke amplitudes ( Figure 3A ; Figure S2 ). Saccades toward the contralateral side-when wing stroke amplitude on the imaged side increased-were often accompanied by upward transients in b2 and iii1 activity and brief decreases in the b3 signal. Saccades toward the ipsilateral side-when the wing stroke amplitude on the imaged side decreased-were accompanied by increases in the activity of b3, i1, hg1, and hg4 along with decreases in the activity of iii3. During the interval between saccades, the tonic muscles (b1, b3, i2, iii3, and hg4) were continuously active while the flies exhibited slow variations in stroke amplitude.
During Saccades, Tonic Muscles Are Recruited Linearly, Whereas Phasic Muscles Are Recruited Non-linearly To examine the putative functional segregation into tonic and phasic classes in greater detail, we ran our saccade classifier on a total of 1,111 (923) sequences from 22 (16) flies, using the R22H05 (R39E01) driver line during presentation of a static visual pattern. We detected a large pool of both rightward (n = 7,917 for R22H05; 8,837 for R39E01) and leftward (n = 6,470; 6,921) saccades and divided them into amplitude deciles ranging from the largest rightward saccades (0 th -10 th percentile) to the largest leftward saccades (90 th -100 th percentile). We then calculated the average muscle signals in each range, triggered on the peak of each behavioral event. We interpret changes in the size of the average signals across different decile groups as reflecting either an increase or decrease in the average firing rate of the presynaptic motor neuron or a change in the probability of its firing during a saccade. This interpretation is supported by the inspection of individual trials, which show examples of graded changes in the fluorescent signals of tonic muscles as well as evidence for an all-or-none pattern of recruitment of phasic muscles ( Figure 3D ). The average peak muscle responses during the saccades in each stroke amplitude decile are plotted in Figure 3C . The functions vary in shape but fall into three rough categories. The activity of four muscles (b1, b3, iii3, and hg4) varies linearly with saccade amplitude, suggesting that the fly uses them to finely tune the magnitude of each turn. In contrast, the response curves for four other muscles (b2, i1, iii1, and hg1) are strongly rectified, indicating that they are recruited only during the largest saccades in one direction. The recruitment functions of the four remaining muscles (i2, iii4, hg2, and hg3) are flat, although they follow the general trends displayed by other members of their anatomical group. This suggests that they might play a minor role in adjusting stroke kinematics during saccades. Note that each anatomical group is equipped with at least one muscle that is active only during the largest saccades as well as one smaller muscle that could permit graded control over wing motion and that these are the same classes of phasic and tonic muscles that emerged from inspection of the time series data in Figure 2 .
In Figure 3E , we plot histograms for the magnitude of the peak calcium signal across all trials in each decile for each muscle. The corresponding ten histograms for peak left-right stroke amplitude are displaced linearly along the abscissa, which is expected as this was the signal that we used to parse the data into deciles. The shapes of the histograms for the muscle activation data provide evidence for the type of recruitment employed for each motor unit. The distributions for the tonic muscles b1, b3, iii3, and hg4 exhibit displacement along the abscissa-resembling the distributions for right stroke amplitude-suggesting that the fly uses these muscles to regulate saccade amplitude in a graded, linear fashion by regulating the frequency or possibly the timing of firing. In contrast, the histograms for muscles i1 and hg1 during the largest ipsilateral saccades (brown traces) are bimodal with a large peak near zero, indicating that these muscles are not recruited during a large subset of the detected saccades. The histograms for the other two phasic muscles, b2 and iii1, suggest a similar behavior, but the active events are too rare to cleanly separate from the large distribution of events at zero ( Figure 3D ). The possibility that failures in phasic muscles might arise from false positives in our saccade detection algorithm is unlikely because tonic muscles exhibit strong, reliable recruitment in the same pool of saccades. Collectively, the results indicate that whereas tonic muscles are recruited in a gradual linear fashion during saccades, phasic muscles operate using a steep activation threshold.
Stroke Amplitude Is Best Predicted by the Activity of Several Muscles
Next, we tested whether stroke amplitude-the one kinematic parameter that we could measure while imaging-could be accurately predicted using the scaled sum of one or more muscles. We first regressed each muscle signal against stroke amplitude for every flight trial individually (N = 22) and then repeated the procedure using all 4,083 possible combinations of muscles. In Figure 4A , we have plotted a short example time sequence of stroke amplitude and the corresponding best models constructed from one, two, three, and 12 muscles. To evaluate the goodness of fit for each of these combinations, we calculated the proportion of variance in stroke amplitude explained by each model and compared this to the variance explained by the randomized null dataset. Figure 4B shows these values for all possible models plotted as a function of the number of muscles included. The single muscle that best predicts stroke amplitude is iii3, a tonic muscle whose activity is correlated with increases in stroke amplitude. Consistent with our working hypothesis of the functional differences between phasic and tonic muscles, the fit generated by iii3 roughly follows the slow modulations in stroke amplitude but fails to capture the fast excursions. Muscle iii3 is also a component in the best fits constructed from two (iii3 and i1) and three (iii3, i1, and b1) signals. The second most predictive muscle, i2, is also a tonic muscle-but one whose activity is correlated with decreases in stroke amplitude. Although the model based on three muscles predicts the time history of stroke amplitude quite well, it does not capture the large-amplitude transients as well as the model using all 12 muscles. This result suggests that nearly all of the steering muscles contribute to regulating stroke amplitude, although certain muscles exert a much stronger influence than others. The lack of phasic muscles among the most predictive models is reflective of the relatively rare occurrence of saccades during which they are active. (A) Saccades were identified as extrema on the normalized left-right stroke signal (middle trace). We ran a receiver operating characteristic (ROC) analysis (see Figure S2 ) against a human-annotated dataset to determine the detection threshold (green band) as well as the filtering parameters used to remove slow trends (red line, top trace) and high frequency noise (bottom trace, black). (E) Color-coded decile-wise histograms of peak values for muscle and stroke amplitude signals. Evidence for bi-modal distributions of signal amplitude were apparent in the distributions for b2, i1, iii1, and hg1; insets plot data from the largest ipsilateral (i1 and hg1) and contralateral (b2 and iii1) saccade deciles on an enlarged and clipped scale. See also Figure S2 .
Wide-Field Motion Elicits Both Slow Directional Responses and Rapid Bi-directional Saccades
To determine whether the dichotomy of phasic and tonic muscles we observed during spontaneous saccades held true for behaviors elicited by sensory stimuli, we presented two directional pairs of visual stimuli simulating yaw rotation (left and right) and vertical translation (up and down). We observed a conspicuous variability in the responses from trial to trial (Figures 5A and 5B), which contrasted with the steady nature of the visual input and the coherent patterns that emerged upon signal averaging ( Figure 5C ). Because we suspected that saccades exhibited during stimulus presentation might contribute to the high variance, we ran the wing stroke data through our saccade classifier. Saccade frequency rose notably during stimulus presentation for all visual motion patterns except upward translation. However, upward movement of a visual pattern elicits a large increase in the stroke amplitude of both wings, approaching or reaching the morphological limit of which the fly is capable [28] . Thus, the absence of an increase in saccade frequency with the upward visual stimulus could simply reflect a narrowing in the dynamic range for changes in wing motion and thus an increase in the false-negative rate of our saccade classifier. Curiously, the increase in saccade rate in response to a yaw rotation was non-directional with respect to the polarity of the stimulus-a fly was just as likely to saccade in the direction of rotatory visual motion as against it. Given that the rise in saccade probability was equal for both directions, one might expect the average wing stroke response to tend toward zero. Consistent with many prior studies, however, we found that this was not the case [26, 27] . One possible explanation is that the saccades in the direction of motion might be on average larger than those in the opposite direction; however, we found leftward and rightward saccade amplitude to be of similar magnitude (data not shown). Another explanation is that visual motion drives two independent processes that converge on the motor system: one that carries commands for slow responses in the direction of visual motion and another that carries stochastic commands for rapid, randomly directed turns. Because the input from the non-directional stochastic pathway injects variability into each trial, the influence of the slow tonic component is only visible upon signal averaging. Consistent with our prior observation that calcium transients in phasic muscles such as i1 are associated with the production of saccades, we found that the mean activity of i1 increased in response to both leftward and rightward motion with a rapid onset and offset that closely followed the time course of saccade probability ( Figure 5C ). The average i1 response to rightward motion is slightly higher than the response to leftward motion, however, even though the probability of leftward and rightward saccades is the same. The most parsimonious explanation is that i1 contributes slightly to the slow directional response to visual motion in addition to its role in saccades. In contrast, the averaged activity of the tonic muscle iii3 changed slowly, increased during leftward motion, and decreased during rightward motion. Muscle iii3 is recruited during saccades as well, but these small fluctuations ride on a larger, slower baseline. The fundamentally different pattern of recruitment for the i1 and iii3 muscles during rotatory yaw stimuli is particularly apparent in raster plots of individual trials (Figure S3) . The other steering muscles could be classified along similar lines ( Figure 5C ). For example, muscles b1, iii4, and hg4 exhibited slow alterations in activity that followed mean stroke amplitude. The activity of muscles b2, i2, iii1, hg1, hg2, and hg3 was more similar to i1 in that they followed the rapid time course of saccades.
As reported recently, the time course of average stroke amplitude during an optomotor yaw response outlasts the visual input by many seconds, indicating the presence of a leaky integrator in this reflex pathway [29] . Proportional-integral (PI) feedback-a control strategy that allows a small error signal to ''wind up'' over time-is nearly ubiquitous within engineered systems because it eliminates the steady-state error inherent in systems based only on proportional feedback [30] . Whereas phasic muscles (e.g., b2 and i1) adapt rapidly following the cessation of visual motion thereby tracking the changes in saccade rate, the activity of slow tonic muscles (e.g., iii3 and hg4) decays slowly according to a time course that more closely matches that of mean stroke amplitude ( Figure S3 ). Assuming that the tonic muscles are primarily responsible for the continuous fine-scaled adjustments of wing motion, it makes sense that they would participate in an integral feedback pathway responsible for trimming out steady-state error. In summary, visual motion triggered an increase in both leftward and rightward saccades and, not surprisingly, an increase in the activity of the same set of muscles (e.g., b2, i1, and hg4) that we found to be associated with spontaneous saccades in the absence of a stimulus. In contrast, slow adjustments in stroke amplitude correlate best with changes in the activity in the tonic muscles (e.g., b1, i2, and iii3), although the phasic muscles also contribute to some degree. Regulation of stroke amplitude by vertical or axial translational motion appears to involve a smaller set of muscles of which i2 may be most important during active descent. We suspect that the relatively low recruitment of steering muscles during ascent is explained by the indirect flight muscles increasing stroke frequency and amplitude during elevated force production [31, 32] .
The fact that the distinct signatures of temporal integration and intermittent saccades are partially segregated among the pool of steering muscles has implications for flight control. Taking into account work suggesting that visual motion and saccade commands may be processed by independent neural networks [29, 33] , we propose a hypothetical model ( Figure 6 ) in which two distinct descending pathways converge on the motor system, selectively recruiting tonic or phasic muscles in a way that depends on the dynamic range and steady-state activation level of each motor unit. In this model, tonic units would be sensitive to both small inputs from the integrator pathway as well as large inputs from the saccade pathway. The phasic muscles, on the other hand, are typically hyperpolarized well below their activation threshold and thus only respond to large transient signals characteristic of saccades or particularly large optomotor responses. In addition to convergence, differing signs and strengths of the descending inputs to each motor unit may bias the response to one descending command over another [34] .
Visual-Motor Tuning Curves Suggest that Flies Regulate Wing Motion via Four Distortion Modes
A limitation of our study is that we were only able to measure one feature of wing motion-the ventral extent of stroke angle-while imaging from the steering muscles. Capturing the full timeresolved 3D kinematics would require simultaneous high-speed videography with three cameras, which is well beyond the scope of the current study. However, recent experiments in free flight have identified the key changes in wing motion that flies implement to control forces and moments about their body axes [1, 2, 12, 35, 36] . We can thus compare the kinematic changes associated with the generation of torque around the cardinal body axes in free flight to the pattern of muscle activity elicited by the corresponding patterns of visual motion in tethered flight. During yaw stimuli that elicit a turn toward the left (in which the wing stroke amplitude on the side being imaged increases), several muscles exhibit a rise in activity, including the b2, i1, and iii3, whereas activity in hg4 decreases. During yaw responses in the opposite direction (when ipsilateral stroke amplitude decreases), all four hg muscles are recruited quite strongly, along with i1 and b3, while the activity of iii3 decreases. Flies generate yaw torque in free flight in large part through a differential regulation of the angle of attack during the upstroke and downstroke [35] -a modification of wing kinematics that is not observed in other maneuvers. Thus, the function of the hg muscles might be to reconfigure the wing hinge so that the angle of attack is elevated during the upstroke and decreased during the downstroke. The conspicuous reduction in the activity of the tonic muscle hg4 might serve to generate the opposite effect on the contralateral wing. Similarly, the drop in lift elicited by downward translation is executed in free flight via a small drop in stroke amplitude and a small downward deviation of the stroke plane, which might be actuated via an increase in i2 activity and reduction in b1 activity along with changes in the firing frequency of the power muscles.
To extend this insight into the mechanical roles of the different muscle groups, we subjected flies to a more comprehensive set of compensatory reflexes using visual motion to simulate rotation in the azimuthal and sagittal planes. In one set of experiments, we simulated rotation about a set of axes at 30 increments in the midsagittal plane, which combines components of roll and yaw ( Figures 7A, 7C, and 7E) . In a separate cohort of flies, we presented rotational motion about a set of axes in the azimuthal plane, which combines components of roll and pitch ( Figures 7B, 7D, and 7F ). We calculated tuning curves for both stroke amplitude and muscle activity using the mean change over baseline throughout the 6 s following stimulus onset. In most cases, these tuning curves were continuous, roughly harmonic functions of the stimulus angle with a clear orientation preference that was consistent across animals.
The stroke amplitude of the ipsilateral wing varied roughly sinusoidally with the stimulus rotation angle, with a peak response in the azimuthal plane roughly halfway between the roll and pitch axes ( Figures 7A, 7C , and 7E). Such tuning could emerge from the linear sum of two harmonic response curves-one tuned to pitch and the other tuned to roll-as has been previously suggested for the tuning of stroke amplitude to different directions of mechanical rotation [7, 37] . The same model explains the tuning of stroke amplitude to different angles of visual rotation in the sagittal plane ( Figures 7B, 7D, and 7F ), but where the net response is a sum of two curves tuned to roll and yaw.
In both the sagittal and azimuthal planes, the tuning curves for muscles b1 and b2 are nearly identical and 180 out of phase with that for b3. This pattern is consistent with the anatomical arrangement of these muscles: both b1 and b2 act to pull the basalar apodeme forward, whereas b3 acts to pull it backward. As a group, the basalar system is maximally tuned to an angle intermediate between roll and yaw and nearly identical to the tuning for stroke amplitude. The tuning curves for i1 and i2 are both aligned along the roll right axis; thus, they would be maximally recruited when the fly rolls downward toward the ipsilateral side. The iii1, iii3, and iii4 muscles are all tuned to a rotation angle that is intermediate between yaw and roll toward the contralateral side. The data from rotation in the sagittal plane indicate that the hg muscles are tuned to yaw toward the ipsilateral side. As noted previously, hg4 muscle is unique in that it exhibits Hypothetical linear-non-linear Poisson cascade model of the motor network responsible for actuating stimulus-driven and spontaneous steering maneuvers around the yaw axis. The various classes of motor units of the flight motor system receive either excitatory (+) or inhibitory (À) inputs from two separate parallel descending pathways: one carrying temporally integrated visual feedback (gray) and another carrying saccade commands generated by a stochastic process with a rate that depends on the presence or absence of visual motion (x, black). Flight muscles are classified as either phasic or tonic depending on whether they, respectively, display a non-linear or linear response function. Muscles are further subdivided by their anatomical group and by whether leftward motion is excitatory or inhibitory. Note that both channels contain information regarding the presence of visual motion; however, the saccade pathway conducts signals for rapid turns in both directions. The linear response curves of tonic muscles permit their use for finegrained control of wing motion, whereas, due to their non-linear, right-shifted response curves, the phasic muscles are only recruited when the convergent descending commands are particularly strong. Wing kinematics emerge through transformation of muscle activity by the biomechanical properties of the wing hinge, and the motion of the body results from the balance of aerodynamic forces and torques (M) produced by the left and right wings.
inhibition during yaw to the contralateral side. The hg muscle responses to rotation in the azimuthal plane were uniquely heterogeneous: hg1 showed a preference for both pitch up and roll right. It is likely that these inconsistences are due to the fact that both pitch and roll are relatively weak stimuli for the hg muscles compared to yaw; however, establishing this definitively would require an extensive comparison of all cardinal and noncardinal rotations.
By synthesizing the tuning curves with recent free flight experiments [2] , we constructed a working model for the action of the control muscles on wing kinematics (Figures 7G and 7H) . Each anatomical muscle group comprises one action class, with the exception of the basalar muscles, which are divided into two classes (b1 and b2) and b3, because of the antagonistic actions they have on the basalar apodeme. We propose that the main action of b1 and b2 is to extend the ventral extreme of wing (G and H) Summary of the recruitment pattern (G) for steering muscles during yaw, roll, and pitch maneuvers, with a cartoon (H) illustrating their hypothesized influence of wing motion. Before plotting, the tuning curves of (E) and (F) were offset and scaled so that radial distance ranged from the minimum to maximum response of each signal. Solid dots indicate the orientation of the maximal response for each signal. N = 7 (12) R22H05 (R39E01) in (A), (C), and (E); N = 15 (12) R22H05 (R39E01) in (B), (D), and (F). Envelopes represent ± 95% CI. Colors of muscles and text labels indicate muscle class (maroon, tonic; mustard, phasic). See also Figure S4 .
stroke amplitude, whereas b3 extends the dorsal extreme. This antagonistic push-pull functions in pitch control by acting symmetrically on both wings, extending the stroke envelopes forward to create a nose-up moment, or pulling the stroke envelopes backward to create a nose-down moment. The basalar muscles are involved in roll and yaw maneuvers as well, which require bilateral asymmetry adjustments in stroke amplitude. During roll maneuvers in free flight, flies elevate the stroke plane on the outside wing and lower the stroke plane on the inside wing. No other flight maneuver involves such an extreme change in the angular position of the stroke plane. Given their unique tuning to roll stimuli, the i1 and ii2 muscles are prime candidates for the action group responsible for depressing the stroke plane ventrally, combined with a concomitant drop in stroke amplitude. The iii1, iii3, and iii4 muscles may function as antagonists to i1 and i2 by elevating the stroke plane and increasing stroke amplitude. As mentioned above, hg muscles might regulate changes in angle of attack that are critical for the production of yaw torque [2, 12, 16, 35] .
DISCUSSION
Although metal electrode recordings from a few of the larger steering muscles exist [22, 34, [38] [39] [40] [41] , this was the first systematic analysis of the nearly complete array of muscles in an intact flying animal. Our imaging method is susceptible to some degree of crosstalk ( Figure 1) ; however, by taking into account prior knowledge of the anatomy and confirming results with different driver lines, it provides a non-invasive way to monitor activity across the array of steering muscles. The method might be appropriate to other motor systems, such as those controlling the head, legs, and abdomen.
Proposed Model of Flight Motor Dynamics
Our recordings allowed us to construct a cohesive model for how a sparse motor network achieves fine motor control over a large dynamic range. In our model, the steering motor system consists of four anatomically defined groups each actuated by two classes of muscles: phasic muscles specialized for executing large, transient changes in wing motion and tonic muscles better suited for fine-scaled control. We acknowledge that this distinction is not perfectly binary and that the functional properties of the groups overlap to some degree. Nevertheless, our results indicate that the muscles are functionally stratified and that this organization extends to each mechanical element within the wing hinge.
The fly operates with the bare minimum of one tonic muscle inserting on each axillary sclerite (i2, iii3, and hg4) and two tonic muscles on the basalare (b1 and b2). Due to this minimal arrangement and the fact that each muscle is innervated by just a single excitatory motor neuron, the fly cannot rely on any form of motor pool recruitment to control tension in the tonic muscles. The potential for recruitment with the phasic muscles is marginally better, with the third axillary equipped with just two phasic members (iii1 and iii4) and the fourth equipped with three (hg1, hg2, and hg3). This arraignment is notably different from the musculoskeletal organization of hummingbirds that exhibit comparable aerial agility [42] . Compared to larger birds, hummingbirds exhibit a surprising lack of fast glycolytic fibers-those that would ostensibly provide a similar function as the phasic muscles of flies [43] . It is possible that the larger motor pools available to hummingbirds provide them with enough mechanical bandwidth to execute fast and slow actions using motor unit recruitment, whereas flies require muscles with different physiological and mechanical properties.
Flies use their wings for many behaviors besides flight, and some of these actions may require higher force production from the direct muscles. For example, one muscle, hg1, is sexually dimorphic in Drosophila and has been shown to play a role in sine song production [44] . Although this dimorphism may indicate that hg1 is specialized for song production instead of flight, an alternative possibility is that singing requires forces from hg1 of greater magnitude than necessary in flight and that the sexual dimorphism is a result of selection within this context. We also found that the iii1 muscle responded to optomotor stimuli (Figures 5 and 7) , a result not reported in prior studies using metal electrodes [34, 39] . Again, this may be due to a higher recruitment threshold for iii1, as we only observed activity in iii1 during the largest optomotor reactions. Furthermore, like many other muscles, the largest activation of iii1 occurs at the cessation of flight when the animal must fold its wings. Such high levels of activity may be necessary to actuate the mechanical clutch that engages and disengages the wing [45] . Thus, the functional stratification that we observe during flight may simply represent one end of a recruitment continuum that extends into a range of other behaviors. This organization is conceptually similar to sensory systems where separate tonic and physically firing units are responsible for conveying steady-state versus transient signals that span a wide dynamic range [46, 47] .
The simplest means of regulating tension in this sparse system would be to adjust the firing rate of each muscle, and presumably the slow modulation of the calcium signals that we recorded in the tonic muscles reflect just such changes. However, electrophysiological recordings and in situ work-loop analysis suggest that flies can also adjust mechanical properties of muscles by regulating the firing time within the stroke cycle [22, [39] [40] [41] . For example, b1 fires continuously at or near stroke frequency during flight, and transient changes in its firing time correlate with alterations in stroke amplitude. Without performing simultaneous imaging and electrophysiology, we cannot determine whether transient shifts in firing time would result in a measureable change in the GCaMP6f signal or the degree to which other tonic muscles such as b3, iii3, and hg4 also fire at stroke frequency. Nevertheless, some combination of adjusting firing frequency and timing must be sufficient to permit continuous and fine-graded regulation of tonic muscle activation, as they are the only means available.
The phasic muscles b2, i2, iii1, and hg4 are the morphologically largest members of their anatomical groups, which is consistent with their role in executing a more substantial mechanical influence on wing motion. We suspect that the greater cross-sectional area of these muscles correlates with their ability to generate more tension. Furthermore, the results of Figure 3 indicate that these muscles activate in a pattern analogous to the size principle in vertebrate systems, by which motor units are recruited sequentially according to their size [48] . It is worth noting that the cellular mechanisms that establish this recruitment pattern may be different than in vertebrates, where the size principle emerges from the fact that small motor neurons are activated at a lower threshold than large motor neurons. This appears not to be the case in the Drosophila flight motor system; for example, our data suggest a high activation threshold for the muscle i1 despite the relatively small cell body and arbor of its motor neuron [19] . Heisenberg and Wolf (1979) [26] were the first to report that tethered Drosophila exhibit rapid spontaneous turns-which they called ''torque spikes''-that are identical to the fictive turns that we recorded. They noted that these events were independent of the slower modulations in torque generated in response to visual motion. Our results support this interpretation but provide the additional observation that the probability of saccades increases during the presentation of visual motion in a non-directional manner. Most authors assume that these events are related to free flight saccades, although there are inconsistencies with this interpretation (see [2] ). For example, the fictive tethered turns are much longer than free flight saccades, a discrepancy that might result from the lack of reafferent feedback when an animal is fixed to a pin. What have been categorized as saccades in free flight almost certainly represent an amalgam of different behaviors, including escape responses, collision avoidance reflexes, casts triggered by odor plumes, as well as truly spontaneous turns. Most, but not all, free flight saccades appear to be triggered by gentle visual expansion, at least for flies flying within a confined arena with walls [13, 33] , and flies could not make long-distance dispersal flights unless they could suppress the generation of saccades for long periods [49, 50] . Nevertheless, tethered flies do exhibit spontaneous turns at a high rate ($0.5 Hz) in the absence of any sensory stimulus, demonstrating that the actions can emerge from some sort of internal stochastic process [51] . Regardless of the proper interpretation of the spontaneous events in tethered flies, they do serve to illustrate the functional differences within the steering motor network.
In free flight, flies perform voluntary saccades by executing a banked turn; they roll around an axis offset $30 from their longitudinal axis and quickly counter-turn about their longitudinal axis. Flies regulate the magnitude and directions of these turns not by adjusting the orientation of the roll axes, but rather by regulating the amount of torque and counter-torque they produce [12] . Presumably, the variation in tonic muscle activation and phasic muscle recruitment that we recorded during tethered saccades reflects variation in the magnitude of torque generated around a similar, stereotyped set of body axes.
The slow temporal dynamics of GCaMP6f compromises our understanding of steering muscle function, especially for the fastest maneuvers. GCaMP6f could report the presence or absence of a single spike, provided that the firing rate was sufficiently sparse. Indeed, we did observe what appeared to be unitary events in phasic muscles, although we have no way of distinguishing the signals generated by a single spike from those caused by a brief burst of spikes, a pattern observed in electromyogram (EMG) recordings of direct flight muscles [39] . Fortunately, the indicator kinetics were adequate to resolve motor programs associated with tethered saccades (Figure 4) . Furthermore, as shown in Figures 5  and 6 , we uncovered a considerable amount of heterogeneity in the time course of muscle activation when we presented openloop visual motion. This temporal complexity was manifest in both single-trial records and ensemble averages. In a few muscles, the averaged responses to visual motion emerged from changes in frequency of saccades, whereas for other muscles the ensemble averages better reflected the slow changes in stroke amplitude evoked by single trials.
Proposed Model for Mechanical Action of the Muscle Groups Unlike the wings of birds, bats, and pterosaurs, insects do not fly by flapping modified forelimbs. Rather, insect wings are novel dorsal appendages, which may partially explain the exotic arrangement of wing muscles compared to other volant species. It is worth noting, however, that although the wing hinge of asynchronous insects seems unusual by comparison with vertebrate morphology, it serves as the primary locomotor structure of the majority of all described species. Indeed, the ecological success of insects is due in no small part to the wing hinge and the flight ability it permits.
Our prior understanding of steering muscle function was based largely on multi-site EMG recordings (from b1, b2, i1, and iii1-4) performed on blowflies and electrical recording and stimulation experiments targeted at specific sets of muscles in Drosophila [22, [38] [39] [40] [41] 52] . In addition, a recent study based on high-speed X-ray tomography of the blowfly, Calliphora, provided measurements of the strain cycle of the larger steering muscles (b1-3, i1, and iii1) when the animals were subjected to the constant velocity body roll required for tomographic reconstruction [53] . The consensus of these earlier studies is that during a turn, steering muscle activity on the outside (high amplitude) wing promotes an anterior shift in average orientation of the basalar apodeme, lower average tension on the first axillary sclerite, and increased tension from the third axillary muscles. Our results allow us to extend this model to consider the effects that all four muscle groups have on the full 3D motion of the wing and the relative role those actions have in controlling yaw, pitch, and roll.
We acknowledge that our working model is simplistic and does not explain some subtle yet aerodynamically important modifications in wing motion that flies employ, such as changes in the timing of wing rotation during stroke reversal. Nor does our scheme take into account combinatorial interactions between muscle groups. In addition, although we have ignored the role of asynchronous power muscles in regulating flight maneuvers, prior imaging experiments suggest that bilateral differences in their activity might contribute to yaw maneuvers as well as lift and thrust [54] . Finally, although we did not image from the small indirect steering muscles (the pleurosternal and turgopleural muscles), we suspect that they may also contribute to flight control via their ability to alter the resonant properties of the entire thorax [55] . Nevertheless, our scheme provides a comprehensive and testable synthesis linking the physiology and morphology of identified muscle groups to the animal's motion through space. C, tethered them to a tungsten pin, removed legs at the coxa, and fixed the head to the notum with a small drop of glue. We allowed at least 30 min for recovery before performing experiments.
Real-Time Calcium Imaging
To image calcium from steering muscles, we positioned flies under a Nikon FN1 upright microscope equipped with a 103 0.45 numerical aperture (NA) objective so that the lateral wall of the pleural thorax was normal to the optical axis. This configuration resulted in the animals rolled 90 with respect to gravity. A 470 nm light-emitting diode (LED, Thorlabs) was used as an excitation light source and passed through a Chroma filter cube with a 480/40 nm excitation filter and 510 nm long-pass dichroic. GcAMP6f fluorescence was collected through a 535/50 nm emission filter. To monitor stroke amplitude in angular coordinates, we used a real-time machine vision system called Kinefly that calculates stroke amplitude at 50-100 frames per second using a camera (Basilar) and an infrared light [56] . We also used a photodiode-based wingbeat analyzer system to monitor the precise timing of single strokes and frequency. This timing signal was used to trigger the calcium imaging camera and epi-illumination LED so that each frame integrated fluorescence from a series of 1 ms light pulses delivered at the dorsal stroke reversal of three consecutive wingbeats. We restricted the phase of the epi-illumination light in this manner to reduce motion blur and ensure that light was not delivered to the fly while the wing was obscuring the thorax during the down stroke.
Histology and Confocal Microscopy
We used a razor blade to hemisect thoraces of 2-day-old female flies that were frozen with 4% paraformaldehyde in PBS and washed them in PBS-Tx. We stained the tissue for 7-10 days at 4 C with 1:50 Alexa Fluor 568 phalloidin (Invitrogen no. A12380) and 1:100 rabbit anti-GFP AlexaFluor 488 conjugate (Invitrogen no. A21311) in PBS-Tx. We cleared it and mounted the tissue in SeeDB [57] . We collected confocal image stacks for three or more flies of each genotype on a Leica SP5 with 203 oil objective, 1,024 3 1,024 pixels.
Visual Stimuli
We presented motion stimuli using a cylindrical panoramic visual display constructed from LED panels, as previously described [58] but using a 470 nm peak wavelength. Further details are provided in the Supplemental Experimental Procedures.
Image Unmixing
Our method for unmixing calcium signals is similar to previous blind approaches for extracting signals from intermingled sources; however, we took advantage of the highly stereotyped anatomy of Drosophila to construct a prior model of the spatial distribution of sources in the image stream. The method is fully described in the Supplemental Experimental Procedures.
Analysis of Ensemble Data
Because some of the extracted calcium signals were undetectable during periods of quiescence, we did use not use basal fluorescence to calculate DF/F. Rather, with the exception of analysis of flight initiation and termination events, as well as the closed-loop stripe fixation shown in Figure 2 , we restricted our analysis to flight epochs and normalized each calcium signal to the animalwide variance calculated over the 3 s epochs immediately prior to the onset of open-loop motion. For the analysis time-series data, we constructed 95% CIs around the ensemble time course by resampling 5,000 times with replacement, grand means from the population of animal-wise means.
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